Background: Studies of antigen presentation in retina using mice that expressed green fluorescent protein (GFP) from a transgenic CD11c promoter found that retinal GFP hi cells possessed antigen presentation function. 
Introduction
Rod and cone photoreceptors are the two neural retina cell types that mediate phototransduction, the basis for vision. The visual cycle is a series of enzymatic reactions among photoreceptors, the retinal pigment epithelium (RPE), and the Müller glia to metabolize Vitamin A derivatives (retinoids) for phototransduction (Fig. 1A) . The essential product is the 11-cis form of the retinal aldehyde (RAL), a chromophore that binds opsin G-protein coupled receptors within the outer segment (OS) of photoreceptors to form photopigment. The RPE65 protein is reaffirming that an active visual cycle is essential for cone health (Tang et al., 2010) .
Our previous studies of retinal mononuclear cells began with the search for cells in the retina with antigen presenting cell function (APC) that might support the T cell responses associated with retinal autoimmunity. The study of APC's in retina was facilitated by use of transgenic mice whose dendritic cells (DCs) express a chimeric protein containing green fluorescent protein (GFP) using a transgenic CD11c promoter (CD11c GFP ) (Jung et al., 2002) . We previously showed that the level of CD11c (ITGAX protein) from the endogenous promoter in retinal macrophages from CD11c GFP mice does not correlate with the expression of DTR/GFP from the transgenic promoter (Lehmann et al., 2010) , and led us to describe the cells as high GFP-expressing (GFP hi ), rather than CD11c hi . We found that the GFP hi cells in retina had APC function based on in vivo and in vitro studies revealing that antigenspecific retinal T cell responses in the retina were dependent on antigen processing and presentation by local APC that could be visualized by their expression of GFP in CD11c GFP mice (McPherson et al., 2013; McPherson et al., 2014; Heuss et al., 2012) . Conversely, low GFP-expressing cells (GFP lo ) cells bearing markers of microglia (MG) lacked APC function for naïve, antigen-specific CD4 T cells . In studies designed to examine the influence of the retinal environment on the APC function of GFP hi cells, an optic nerve crush (ONC) was performed. This injury to the axons of the retinal ganglion cells (RGC) stimulated an increase in the number of retinal GFP hi cells, promoted their close association with the retinal ganglion cells (RGC) and nerve fibers, and showed that they engulfed the RGC post-ONC . With respect to their APC function, the ONC reduced production of regulatory T cells (T regs ) by the retinal GFP hi cells and increased the number of effector T cells in the retina. Another test of the significance of the GFP reporter in the CD11c-DTR/GFP mice was done by crossing them onto MyD88 and TRIF double knockout mice We also demonstrated in CD11c GFP mice that GFP hi cells also appeared at sites of stress associated with light-induced photoreceptor injury (Lehmann et al., 2010) . The Saban lab has also observed GFP hi cells in the retina of this particular strain of CD11c-GFP reporter mice (O'Koren et al., 2016) . Studies to further test the hypothesis that GFP hi cells preferentially respond to stressed or injured cells led to this study of Rpe65 −/− mice, in which a defect in retinoid metabolism leads to apoptotic death of the small population of cones found in murine retina. associated with the cones, and gave a small, but significant increase in the number of surviving cones. Use of this reporter will enable more specific studies of the pathways to MG activation and APC function in the retina. In the absence of this GFP reporter, all resting and activated retinal macrophages appeared as MG. Previous studies lack the ability to make this distinction, which has limited specific analysis of the responding cells. While GFP hi cells possess the functions, and many of the markers of CD11b + DCs, their origin in retinas with minimal inflammation suggests they are an activation state of MG that supports immune surveillance without loss of immune privilege.
Materials and methods

Animals
Rpe65
−/− mice were a generous gift of T.M. Redmond (National Eye Institute, National Institutes of Health, Bethesda, MD) . CD11c GFP mice have been previously described and express GFP as a chimeric cell surface protein comprised of the diphtheria toxin receptor (DTR) and GFP, under control of a transgenic CD11c promoter (Jung et al., 2002 (Mattapallil et al., 2012) . All mice were reared under cyclic light under specific pathogen-free conditions. Mice were sacrificed by CO 2 exposure.
Ethics approval
All experiments were performed in accordance with the Association 
Tamoxifen
TAM was dissolved in highly refined olive oil (Sigma, #O1514) up to a concentration of 40 mg/mL and given IP at a dose of 2 mg in a volume of 50 μL oil or 3 mg in 75 μL.
Flow cytometry
For flow cytometry on retinal cells, mice were euthanized, perfused, and the retinas removed as previously described (Lehmann et al., 2010) . Briefly, retinas were suspended in a solution of 0.5 mg/mL Liberase/TM (Roche) and 0.1% DNase in DPBS. The retinal cell suspension was gently homogenized by trituration, and fluorescent-labeled antibodies (BD Biosciences or eBioscience) and viability dye were added to the cell suspensions, 0.25 to 2.0 μL/10 6 cells, and incubated on ice for 30 min. The cells were washed, resuspended in FACS buffer (PBS with 2% FCS and 0.02% sodium azide), followed by filtration through a 35 μM cell strainer and suspended in FACS buffer, and analyzed on FACS Canto or LSRII flow cytometers (BD Biosciences). Samples containing eGFP and eYFP reporters were excited using a 488 nm laser and detected using 550/30 (eYFP) and 510/21 (eGFP) bandpass filters separated by a 525 nm longpass mirror (Telford et al., 2012) . Fluorescent proteins and other fluorophores were carefully compensated, using FMO (fluorescence minus one) controls: B6 only, eGFP only, eYFP only, and finally both eGFP and eYFP. Data analysis was done with FlowJo (Tree Star) software. Data collected from a single retina comprised a single sample.
Cone density measurements
Retina flatmounts were prepared and analyzed for cone density according to previously published protocol (Tang et al., 2010) . Briefly, after removing the cornea, the retina-lens complex was separated from the RPE-choroid layer and fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS) for 10 min at room temperature (RT). After washing with PBS (3 ×, 20 min, 4°C), retinas were incubated with affinity-purified anti-S-opsin antibody (1:1000 dilution; N20 S-opsin antibody; Santa Cruz Laboratories, Santa Cruz, CA) in a humidified chamber overnight at 4°C. Retinas were washed with PBS (3 ×, 20 min, 4°C), flattened by relaxing cuts, mounted flat on a slide, and coverslipped after application of Fluoromount-G (Southern Biotech, Birmingham, AL). Samples were analyzed by fluorescence microscopy. Cones were counted within two fields of view, immediately dorsal and ventral to the optic nerve head, at 20× magnification along the dorsalventral axis. Cone densities are expressed as cones/mm 2 .
Histology
For immunofluorescence analysis of cryosections, eyes were cryoprotected, embedded, frozen, and sectioned at 10-40 μm thickness. Sections were incubated as previously described (Rohrer et al., 2005) with affinity-purified anti-S-opsin antibody as described above in a humidified chamber overnight at 4°C. After washing with PBS (1 ×, 10 min, RT), sections were incubated with solution containing AlexaFluor594 (AF594)-conjugated secondary antibody (Molecular Probes, Eugene, OR) and 4′,6-diamidino-2-phenylindole (DAPI, 1:3000 dilution; Invitrogen, Carlsbad, CA) for 2 h in RT, washed with PBS (2 ×, 10 min, RT), and coverslip-mounted with Fluoromount-G for analysis. Confocal microscopy was done on an Olympus FV 1000 using conventional three colour staining for GFP, CD11b/AF594, and S-opsin/ AF350 with appropriate filters. YFP excitation was done with a 514 nm laser. For retinal flatmounts, eyes were fixed in 4% PFA for 5 min, the retinas were dissected off and fixed in 4% PF for an additional 5 min. The retinas were then washed in PBS for 3 times and then blocked with 10% normal donkey serum for 1 h. Subsequently, retinas were washed with PBS and then incubated with primary antibody cocktail for CD11b (1:100 dilution; BD Biosciences, San Jose, CA). Afterwards, retinas were washed 6 times in PBS and then incubated with secondary antibody cocktail containing AF594 and AF350 (Molecular Probes) for 3 h, washed again 6 times with PBS, and then coverslipped. Some samples were mounted with DAPI (Immu-Mount, Vectashield, Burlingame, CA).
Apoptosis assay, TUNEL
After enucleating the eyes, a small incision was made into the cornea for faster penetration of the fixative, and the tissue was submerged in 4% PFA for 4 h. After rinsing the tissue, the whole eye was cryoprotected in a gradient of sucrose (15%, 20%, and 30%) and embedded in OCT. 40 μm sections of the central retina were permeabilized with a 0.1% Triton X-100 and 0.1% sodium citrate solution for 5 min at 4°C, washed 4× for 5 min each, and incubated for 2 h at 37°C with the TUNEL reaction solution following the manufacturer instruction. Following the TUNEL assay, sections were rinsed and blocked with 10% normal donkey serum and incubated overnight with primary S-opsin antibody. Corresponding secondary antibody (Alexa Fluor-488) was applied the next day and incubated for 3 h. To confirm specificity of the primary antibodies, control samples in which the primary antibody was omitted were included.
PCR
PCR methods have been previously described (Redmond and Hamel, 2000) . Briefly, tail snip biopsies were obtained from mouse pups using DNeasy Tissue Kit (Qiagen). Three specific oligonucleotide primers for Rpe65 were used. Oligo(A) (5′ GGG AAC TTC CTG ACT AGG GGA GG-3′) is a reverse primer for the PGK-neo gene (reversed in the mutant allele); oligo(B) (5′-GAT GTG GGC CAG GGC TCT T-FG AAG-3′) and oligo(C) (5′-CCC AAT AGT CTA GTA ATC ACA GAT G-3′) are forward and reverse primers from exon 3 and intron C of the Rpe65 gene, respectively. PCR products were run on a QIAxcel Advanced capillary gel electrophoresis system. An RPE65 mutant mouse results in a 459 bp PCR product and an RPE normal mouse gives a 546 bp product, while a heterozygous animal gives both.
Statistical analysis
Two-way ANOVA, SAS, version 9.1, statistical software (SAS Institute, Inc., Cary, NC) was used to test for differences in cone density evaluation by animal group and retinal region with post-hoc pair-wise ttests used to compare individual groups. A two-sided P value of < 0.05 was considered significant. Analysis of misplaced cone opsin expression in the outer plexiform layer (OPL) was done by one-way ANOVA with Tukey HSD post-hoc analysis.
Results
Cone death in the Rpe65
−/− retina Analysis of retinal flatmounts showed a significant loss of cones in CD11c
GFP
Rpe65
−/− mice by post-natal day 28 (P28) compared to agematched CD11c GFP Rpe65 +/+ mice, which is similar to previously published data ( Fig. 1B ) Tang et al., 2010; Rohrer et al., 2005) . Cones from Rpe65 −/− mice have been shown to exhibit early mistrafficking of cone OS proteins ( Fig. 1C ) Tang et al., 2010; Rohrer et al., 2005) . This is hypothesized to disrupt the normal intracellular function of the cone, leading to ER stress and release of multiple apoptotic cell signals that result in a wave of cone P.H. Tang et al. Molecular and Cellular Neuroscience 85 (2017) 70-81 death from P14 to P28 (Zhang et al., 2011) . The mistrafficking of OS proteins in stressed cones, including cone opsin, is readily visualized by immunofluorescence as short-wavelength (S-) cone opsin staining in the OPL (Fig. 1C ). 
Properties and origin of the GFP
Rpe65
−/− retina were tested for expression of molecules often found on MG, including Iba-1 ( Fig. 2A ) and MHC-II (Fig. 2B ).
Comparison by flow cytometry showed that the GFP hi cells exhibited the reduced expression level of CD45 that is associated with MG, high levels of CD11b, and similar levels of CX3CR1 YFP expression (Fig. 2C ).
Elsewhere we showed similar levels of F4/80 expression by GFP hi and GFP lo cells . The marker that easily identifies the GFP hi cells from retina as the injury-responsive and antigen presenting cells is their GFP expression. MG derived from circulating yolk sac macrophages first appear in the CNS at E9.5 (Ginhoux et al., 2010) , and the retina is well populated with MG prior to the onset of cone loss in Rpe65 −/− retina. Several experiments indicated a MG origin of retinal GFP hi cells in response to cone loss in CD11c
GFP
Rpe65
−/− mice. Depletion of GFP hi cells via DTx administration into the anterior segment of the eye, avoiding contact with the retina, shows rapid loss of GFP hi cells with no effect on the GFP lo MG (Fig. 2D) . The GFP hi cells rapidly recovered four days later, returning to background levels by day 7. Conversely, ablation of MG and GFP hi cells shows very little recovery of GFP hi cells 8 days later (Fig. 2E) . Together, the results were consistent with a MG origin of the GFP hi cells.
3.3.
Retinal GFP hi cells in CD11c GFP Rpe65 −/− mice prior to cone degeneration Studies to determine the onset of the mononuclear cell response to cone degeneration showed that a substantial population of GFP hi cells was already present in the retina at P7 (Fig. 3B & C) , prior to the onset of cone loss in Rpe65 −/− retina. GFP hi cells were first detected at E18, corresponding to the increase in apoptotic cells in the inner neuroblastic layer (Pequignot et al., 2003) , and increased substantially by P7, regardless of the presence or absence of RPE65 (Fig. 3C) Fig. 3C ; p < 0.05), consistent with their activation and association with clearing inner retinal neurons undergoing apoptosis at that time (Braunger et al., 2014) . Onset of cone degeneration in the Rpe65 −/− mice, based on the first appearance of TUNEL + cells in the ONL at P13 (Métrailler et al., 2012) , overlapped with the end of developmental remodeling in the INL and associated apoptosis in the INL (Fig. 3A) . Loss of cones in the first wave of cone death from P14 to P28 followed quickly, with a peak of TUNEL + cells in the ONL at P16, and elevated numbers of GFP hi cells at P14, relative to the RPE65-sufficient controls. P.H. Tang et al. Molecular and Cellular Neuroscience 85 (2017) 70-81 and GFP lo MG (Fig. 4) in the response to the peak of cone degeneration.
Increased numbers of GFP hi cells appear in Rpe65
Representative flow cytometric analyses of retina showed a substantial increase in CD11b + GFP hi cells at P14 and P28 in CD11c
GFP
Rpe65
−/− retinas ( Fig. 4A) , which was confirmed by analyses of results from multiple retinas from P14, P21, and P28 (Fig. 4B) 
+/+ retinas in these assays (data not shown). Substantial TUNEL staining was observed in the ONL at P14 and P21 (Fig. 4B ), but not in the INL. As previously shown for apoptotic retinal ganglion cells (RGC) (Lehmann et al., 2010; Sadun et al., 1998) , neuron death attracted GFP hi cells, which removed injured neurons by phagocytosis .
3.5. GFP hi cells localize to the photoreceptor cell layers in Rpe65 −/− retina Fluorescence microscopy of sections and flatmounts was performed to localize the GFP hi and GFP lo cells in normal and Rpe65 −/− retina.
Retina cross-sections revealed that the GFP hi cells were prominent in the OPL, and extended processes into the ONL and outer retina (Fig. 5A ). Confocal microscopy of retinal flatmounts from P21 CD11c
GFP
Rpe65
−/− mice showed that few GFP hi cells were observed within the inner plexiform layer (IPL) (Figs. 5B and 6) . A smaller population of GFP hi cells was found in the inner segments (IS) and OS of cones (Fig. 6 ). The white arrowheads on the confocal stacks identify three clusters that extend from the OPL to the IS/OS (Fig. 6) . GFP hi cells
were rare in the outer retina of normal CD11c GFP Rpe65 +/+ mice (data not shown). Retinas of Rpe65 −/− mice demonstrated a remarkable segregation of MG and GFP hi cells in retina (Fig. 6) ; GFP lo MG dominated in the IPL, which lacks photoreceptors, while GFP hi cells dominated in the OPL, ONL, and IS/OS, the layers containing mislocalized cone opsins (Fig. 5B) . Note that all retinal macrophages express CD11b, which was detected in all layers.
3.6. Elevated numbers of GFP hi cells persisted after the early wave of cone apoptosis Although P14 through P28 was found to contain the peak of cone death in the Rpe65 −/− retina Tang et al., 2010; Zhang et al., 2008) , we asked if the GFP hi cells remained elevated afterwards.
Retinas were analyzed by flow cytometry from 2 weeks through 40 weeks of age (Fig. 7) . Total mononuclear cells, identified as live CD11b hi CD45 med Ly6G − cells, were increased early, but returned to near-normal levels by 10 weeks of age (Fig. 7A) . At all times from 2 to 40 weeks of age, CD11c GFP Rpe65 −/− retinas exhibited a significantly greater proportion of GFP hi cells than CD11c GFP Rpe65 +/+ retinas (Fig. 7B) , long after the initial peak of cone apoptosis. GFP lo cell numbers showed relatively little change when compared to normal wt B6J controls (Fig. 7C) .
3.7. Mislocalization of cone opsin persisted after the early wave of cone apoptosis TUNEL staining from 10 to 40 weeks of age found few apoptotic cells within the ONL and INL in either CD11c GFP Rpe65 −/− or control mice (data not shown). However, retinas harvested at 15 weeks of age from CD11c GFP Rpe65 −/− mice were analyzed by fluorescence microscopy and revealed the presence of mislocalized cone opsin in the outer plexiform layer (OPL) along with numerous GFP hi cells, some of which extended into the outer nuclear layer (ONL), and cone inner segments (IS) and outer segments (OS) (Fig. 8A ). This is well illustrated by a side view of the confocal stack from the same field showing that GFP hi and GFP lo cells span the photoreceptor cell layers from OPL to IS/OS (Fig. 8B) . Examination of the inner plexiform layer (IPL) showed that GFP hi cells were absent, but were numerous in the OPL, indicating that they had been attracted to the sites of cone stress (Fig. 8C) . Although the rate of cone loss was diminished, remaining cones were stressed as shown by S-cone opsin staining in the OPL, and attracted GFP hi cells.
Although cone loss in the Rpe65 −/− mice was thought to be an acute process, flow cytometric analysis of aging mice showed the persistence of GFP hi cells. CD11c and mislocalized cone opsin were found in the OPL at 33 weeks, and GFP hi cells were also found in the IS/OS (Fig. 9) . The survival of Sopsin-expressing cone cells at this late time point was unexpected, given their rapid loss in the first month. However, stressed cones remained in sufficient numbers to sustain the attraction of GFP hi cells to the outer retina. The segregation of GFP hi cells in the photoreceptor cell layer, with the MG in the inner retina, was sustained.
Role of CX3CR1 + GFP hi cells in cone survival
We investigated the functional role of retinal mononuclear cells, both MG and GFP hi cells, in LCA2-associated cone death using the CX3CR1 YFP-creER ROSA DTA CD11c
GFP
Rpe65
−/− mice. TAM ablation of CX3CR1 + cells in the retina was very effective, depleting GFP hi cells ( Fig. 10A & B ; Fig. 2E ) as well as GFP lo MG (Fig. 10C & Fig. 2E ).
Breeding was done to provide mice with or without the floxed diphtheria toxin A (DTA) subunit. In this way, all mice were treated with TAM, but only flox + mice were ablated. Ideally, the GFP hi cells would have been ablated by treatment with diphtheria toxin (DTx), but these cells are rapidly replaced if MG are present (Fig. 2D) , even in the absence of recruitment from the circulation. Sustained depletion with DTx is not feasible since the transgenic CD11c reporter/promoter construct is known to drive ectopic DTR expression in a non-immune cell site sensitive to DTx, making repeated systemic administration of DTx lethal within 8 days (Jung et al., 2002) . However, as seen in Figs. 5, 6, 8 and 9, the GFP hi cells and MG segregated into outer and inner retina, 
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respectively, in this model of cone degeneration. Since the GFP hi cells are also CX3CR1 + , they were initially ablated together with the GFP lo MG following TAM treatment. This approach served two purposes: it eliminated GFP hi cells, and their immediate precursor, the MG, to give efficient ablation of the GFP hi cells in the outer retina that was maintained by single TAM treatments at 7-10 day intervals (Fig. 10D ). Since the GFP hi cells fail to repopulate in the absence of MG (Fig. 2) , photoreceptor cell layers remained devoid of GFP hi cells throughout the 4-week depletion protocol, maintained by weekly TAM treatments. Cone survival was analyzed at P42, past the peak of cone apoptosis, using this ablation protocol.
To assess survival of stressed cones, mislocalized cone opsin in the OPL (Fig. 11) was counted in P41 retinal flatmounts (note examples, Fig. 11A ). Representative samples of cone staining and GFP hi and/or YFP hi cells in the OPL of Rpe65 −/− retina (Fig. 11B ) as compared to Rpe65 +/+ retina (Fig. 11D ) are shown. In both cases, the IS and OS also contained cone S-opsin ( Fig. 11C and E) .
3.9. Cell counting strategy for S-opsin + cones in wt and KO retina S-opsin stained cones (S-cones) are known to be present in a gradient from low density in dorsal retina to high density in ventral retina in normal young B6J mice (Fig. 12A) ; this pattern was sustained in mice at 19 months of age (Fig. 12C) (Applebury et al., 2000; Ortin-Martinez et al., 2014) . Significant loss of S-cones in Rpe65 −/− mice was observed to occur across the retina at P29, following the peak of the initial cone loss (Fig. 12B) . Accordingly, counts of surviving cones after the first wave of cone loss were done in the 6-field pattern shown on the P42 template (Fig. 12F) . Although aging wt retina was still well-populated with S-cones at 19 months of age (Fig. 12C) , progressive loss of S-cones continued, as shown by retinas sampled at 14 months (Fig. 12 D & E) . The dorsal petal of Rpe65 −/− retina was nearly devoid of S-cones, and the ventral petal was clearly diminished (Fig. 12D & E) . Depletion of macrophages did not alter the topography of cone loss ( Fig. 12D & E) . A narrow band of surviving cones was found across the nasal-temporal petals, as reported by others (Rohlich et al., 1994) . This topography P.H. Tang et al. Molecular and Cellular Neuroscience 85 (2017) 70-81 suggested a different counting pattern would be necessary for counts at P42 versus counts at 14 months, as shown in the template for 14 months of age (Fig. 12F ). Six fields from the indicated areas were counted for each retina.
Ablation of retinal macrophages reveals a small difference in cone survival
Retinas of young adult wt mice (P40-P70), with or without TAM treatment, contained a large number of healthy cones and very few stressed cones (0.6%) (Fig. 13A) . At age P42, the number of events in the Rpe65 −/− OPL did not differ between retinas that were TAM-depleted or not (Fig. 13B) . The same was true for S-opsin + events in the IS/OS at P42. At 14 months of age the number of S-opsin + cones detected in the IS/OS of TAM-depleted retinas was greater than those detected by S-opsin staining in the OPL of retinas that were not depleted by TAM. Comparison of the fraction of stressed cones as a percent of total cones showed that there was a smaller fraction in depleted retinas at P42 (Fig. 13C) . Comparison of the numbers of healthy cones (IS/OS counts -OPL counts) indicated better survival at P42 and 14 months in macrophage-depleted retinas (Fig. 13D ).
Discussion
To our knowledge, this is the first study to show the appearance of GFP hi cells in the CD11c GFP mice to the outer retina in an animal model of photoreceptor cell degeneration, and lends further clarification to the innate immune mechanisms that accompany degeneration of cones in clinical diseases such as LCA2. In the CD11c
GFP
Rpe65
−/− retina, cone loss leads to the appearance of GFP-expressing cells in which the GFP hi cells were concentrated in the photoreceptor cell layers while the GFP lo cells, MG, were found in the inner retina. This segregation was striking and suggested a division of labor for these two populations. This hypothesis is supported by previous studies from our group showing that the GFP hi cells migrated to the RGC/nerve fiber layer of the inner retina following experimentally-induced ONC (Lehmann et al., 2010; Heuss et al., 2012) . The rest of the retina was populated by GFP lo MG. Together, these findings suggested that the expression of GFP identified a subset of mononuclear cells that were responding to stress or injury. In the absence of this transgene, the responding cells would not be easily distinguished from the rest of the MG, and it may prove to be a very useful marker for studies of the responding cells. MG were found to be the likely origin of the GFP hi cells in this model. We showed that ablation of MG prevented repopulation by GFP hi cells, even though GFP hi cells rapidly recovered from ablation if MG were present. In a different model of retinal neurodegeneration, 
−/− retinas at 33 weeks of age. RPE65 wt controls were added to show the normal OPL staining in CD11c GFP retina (far right panels). Blue, S-opsin; Red, CD11b; Green, GFP. Scale bar = 50 μm. The green/blue spot on the right side of the IS/OS picture appears to be an artifact on close examination.
P.H. Tang et al. Molecular and Cellular Neuroscience 85 (2017) 70-81 using parabiotic mice, we found that only 0.5% of 2000-plus responding macrophages in retina were recruited from the circulation (manuscript in preparation). Elsewhere, using a unilateral optic nerve crush in the CD11c GFP mice, we showed that a small peak of GFP hi cells appeared in the contralateral, uninjured retina with the same time course as their appearance in the injured, ipsilateral retina (Lehmann et al., 2010) . Together, the data supports a MG origin in models of limited stress or injury to the retina. We have shown elsewhere that these GFP hi cells are the APCs of the retina, based on the functional criteria that they process antigen for presentation in MHC-II, and present that cognate antigen to naïve, antigen-specific CD4 T cells (McPherson et al., 2013; McPherson et al., 2014; Heuss et al., 2012) . These are classical criteria for CD11b + myeloid dendritic cells (Steinman, 1991) . However, our evidence points to MG as their origin. Since the origin of MG is known (Ginhoux et al., 2010) and distinct from that of cDCs (Guilliams et al., 2014) , the GFP hi cells may be best described as antigen-presenting macrophages. Their macrophage function was demonstrated by their ability to phagocytose dying RGCs . In preliminary studies using models with much more severe retinal injury or inflammation than found in the Rpe65 −/− mice, we have found that the GFP hi cells can be recruited from the circulation. The peak in GFP hi cell numbers in Rpe65 −/− retina correlated with the early wave in cone apoptosis from P14 to P28. While the number of GFP hi cells declined after P28 in the CD11c GFP Rpe65 −/− retina, their numbers remained elevated compared to the control animals through at least 40 weeks of age, suggesting ongoing stimuli. Cone loss was found to continue at a low rate to at least 14 months of age. Another potential source for the ongoing signals that attract GFP hi cells to the photoreceptor layer is the slow and prolonged death of rods, a key clinical feature of LCA2 that has also been shown Hamann et al., 2009) . There is recent data to suggest that retinal MG and macrophages are pathologically involved in rod photoreceptor degeneration, beyond simple clearing of debris. Small molecule inhibitors of inflammation and apoptosis, including minocycline, have been found to attenuate photoreceptor loss in rd10 mice (Peng et al., 2014; Zhao et al., 2015) . Other molecules with neuroprotective properties in light damage or models of retinal degeneration were found, including Norgestrel (Roche et al., 2016; Roche et al., 2017) and TAM (Wang et al., 2017) . The TAMmediated protection was found in mice lacking creER-linked ablation of P.H. Tang et al. Molecular and Cellular Neuroscience 85 (2017) 70-81 CX3CR1 + cells, suggesting that TAM has neuroprotective properties that inhibit of macrophage activation (Wang et al., 2017) . MG/macrophage involvement in rod photoreceptor degeneration in the rd10 mouse model for retinitis pigmentosa was found to be mediated by primary phagocytosis of living rod photoreceptor cells through a CX3CL1-CX3CR1 mediated signaling pathway (Zhao et al., 2015; Tukey HSD post-analysis. * indicates P < 0.05; ** indicates P < 0.01.
P.H. Tang et al. Molecular and Cellular Neuroscience 85 (2017) 70-81 et al., 2016) . Since the retinal degeneration models cited above yield substantial retinal damage, the potential for participation of monocytemacrophages recruited from the circulation is present, and experiments to rule out their contributions were not done. Since there was no differentiation in those studies between MG and the population we have identified as GFP hi cells detectable in the CD11c GFP mice, it is unclear if functions attributed to MG were instead being mediated by the GFP hi cells we have described. The extensive infiltration of retinal macrophages into the subretinal space found by Zabel et al. (Zabel et al., 2016) in the rd10 model were not recapitulated in our study of the Rpe65 −/− mice; relatively few GFP hi cells were found in the OS, and only rare cells were found on the RPE. An important difference in the models is that cones are greatly outnumbered by rods, 1.8 × 10 5 cones versus 6.4 × 10 6 rods (Jeon et al., 1998) , so that rod degeneration may have a much larger impact on retinal homeostasis. Accordingly, we would not expect to see the monocytic recruitment others have seen in these massive rod degenerations, raising the possibility that recruited macrophages played a significant role in promoting loss of rod photoreceptor cells in the rd10 mice.
Our results from TAM-treated CX3CR1 YFP-creER ROSA DTA Rpe65
−/ − CD11c GFP mice indicate that the presence of these subsets of retinal macrophages within the outer retina may not be pro-apoptotic to the degree seen in the rd10 models. TAM-treated and control retinas were flatmounted and analyzed at P41 to look for surviving cones expressing misplaced cone opsin, since peak TUNEL + staining in the ONL was observed between P14 to P21 and greatly decreased by P41. The mistrafficked opsin in the OPL indicated that these cones were "sick" Tang et al., 2010; Rohrer et al., 2005) ; however, a slightly greater proportion of stressed cones survived up to P41 when DCs were not depleted. Conversely, the increased proportion of cones identified by OS staining, especially at 14 months of age suggested that a small increase in healthy cones was present in the absence of retinal macrophages. Interpretation of these results is informed by two factors. First, despite detection of significant differences, the small effects may have limited biological significance. Second, the effect of macrophage depletion in this model did not show the more potent effects seen in models with more extensive loss of photoreceptors. This outcome may reflect the absence of macrophage recruitment from the circulation in the Rpe65 −/− model, and the possibility that recruited mononuclear cells are more pathogenic than resident macrophages. The result is interesting in light of recent findings that implicate activated MG in the induction of neurotoxic A1 astrocytes (Liddelow et al., 2017) . While astrocytes are found in the inner retina, separate from the photoreceptor cells, another type of macroglia, the Müller glia, are numerous and in direct contact with photoreceptors; perhaps they play a similar role in the retina. The mechanism(s) by which retinal macrophages recognize stressed or apoptotic photoreceptor cells is unknown, recent results in brain point to MG expression of Mer as a required component in clearance of apoptotic neurons (Fourgeaud et al., 2016) . These data highlight the multiple roles that retinal mononuclear cells may exhibit, including clearance of dead and dying cells, or sustaining the survival of cells, or inducing a neurotoxic response.
Unlike our findings, and those of the Saban lab (O'Koren et al., 2016) , some have failed to find the GFP-expressing cells in retina using mice claimed to be the same strain as the CD11c GFP mice we report (Dando et al., 2016) . As shown in the many photographs and flow cytometric analyses in this report, GFP-expressing cells were readily found, without use of anti-GFP antibodies. The CD11c-eYFP + cells described by Dando et al. (Dando et al., 2016) found in rd8/rd8 retinas were similar to wt, while the number of CD11c-GFP hi cells increase several fold in rd8/rd8 retina (unpublished).
A likely explanation for the differences between the CD11c-DTR/GFP mice and the CD11c-eYFP mice is that the promoter constructs may differ, and/or their insertion into the genome is different, leading to differing expression patterns of their reporters. Finally, there is only one meaningful assessment of antigen presentation function -the processing of an antigen into peptides, their occupancy of class II MHC, and presentation to naïve, antigen-specific CD4 T cells. We have shown elsewhere that the CD11c-GFP hi cells from retina meet this criterion .
Conclusions
The expression of GFP on retinal mononuclear cells in CD11c GFP mice identifies cells performing functions, especially responses to stress and injury, previously attributed to MG. Retinal stress in CD11c GFP mice that did not lead to mononuclear cell recruitment from the circulation, as in this model of Rpe65 −/− cone degeneration, induced these cells that appear to be an activated form of MG. Although they dominated the cellular response to cone death in the photoreceptor cell layer in Rpe65 −/− mice, their ablation led to only an incremental increase in cone survival. Use of these reporter mice will enable more specific studies of the stimuli and pathways to MG activation and APC function in the retina. The ability to readily identify, ablate, and isolate these cells will facilitate analysis of this activated, antigen-presenting subset of MG. 
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